ABSTRACT: Ligament reconstruction can provide pain relief in patients with a painful, unstable, pre-arthritic trapeziometacarpal (TMC) joint. Imbrication of the dorsoradial ligament (DRL) has been proposed as a minimal invasive stabilization technique. It requires less invasive surgery than an Eaton-Littler technique and shows promising long-term clinical outcome. We used dynamic CT to objectively review the effects of the imbrication. Four patients with pain and laxity at the TMC joint, but without radiographic signs of osteoarthritis, were recruited. Dynamic CT scans were made during active thumb abduction-adduction, flexion-extension, and two functional grip tasks using a radiolucent jig. Scans of the patients were acquired before and 3 to 6 months after DRL reconstruction. Motion of each bone in the articular chain of the thumb was quantified. In addition, we mapped changes in the contact patterns between the articular facets during the entire thumb motion. After DRL imbrication, we found no overall decrease in MC1 movement in three out of four patients. Furthermore, no increase in TMC joint congruency, defined as proximity area size, was found for three out of four patients. Pre-and post-operative differences in congruency across different tasks were patient-dependent and relatively small. We demonstrated that, from a biomechanical perspective, there is high variability in post-operative outcome between patients that undergo identical surgical procedures performed by the same surgeon. A post-operative decrease in range of motion, increase in joint congruency or decrease in proximity area shift during thumb motion is not omnipresent. ß
The trapeziometacarpal (TMC) joint allows multiplanar movement of the thumb due to its saddle-shaped articular surface. The inherently instable TMC joint is exposed to high compressive forces and needs additional structures to provide stability. 1, 2 The main stabilizers of the TMC joint during thumb motion and grasping are the intrinsic and extrinsic hand muscles. In addition to the muscles, ligaments act as passive stabilizers. A lack of stability is often associated with cartilage damage and might lead to osteoarthritis (OA). [3] [4] [5] [6] [7] Some patients experience debilitating pain at the base of their thumb without having radiographic signs of cartilage degeneration and these patients often exhibit TMC hyperlaxity.
The thumb base ligaments play an important role in the stabilization of the TMC joint. In 1973, Eaton and Littler proposed a ligament-reconstruction technique for patients with a painful instable thumb. 3 Their technique used a slip of the flexor carpi radialis (FCR) tendon, that was tunneled through the base of the first metacarpal (MC1), passed under the abductor pollicis longus tendon, looped around the remaining half of the FCR tendon and inserted onto the periost of the MC1 (Fig. 1 ). This technique aimed primarily to reconstruct the anterior oblique ligament (AOL), which was thought to be the main stabilizer of the TMC joint. 3, 8 More recently, a growing body of evidence suggests that the dorsoradial ligament (DRL), and not the AOL, is the main stabilizer of the TMC joint. [9] [10] [11] [12] [13] It is proposed that the dorsal stabilization is achieved by a hooking of the volar beak on the trapezium. This would activate a rotation of the MC1, pulling the metacarpal into the trapezium, the so-called "screw-home" mechanism. [14] [15] [16] Interestingly, the dorsal fixation loop proposed in the Eaton-Littler stabilization procedure represents in fact an unintentional reconstruction or enforcement of the DRL.
Although the Eaton-Littler reconstruction successfully stabilizes the basal thumb joint and reduces pain substantially, it is not without drawbacks. 17 From a surgical perspective, the procedure is technically challenging, time consuming, and requires substantial dissection. For the patient, longer post-operative immobilization, and a rigid TMC joint are the trade-offs for a stable, pain-free thumb.
Taking into account the stabilizing function of the DRL and the potential limitations of the Eaton-Littler technique, an alternative method to treat TMC instability was developed from the experience with traumatic DRL ruptures and the subsequent TMC instability. 18 By imbricating the DRL after reducing the joint, pain was reduced and clinically-assessed stability increased. 18, 19 Birman et al. 20 expanded on this technique by using a bone anchor placed in either the trapezium or MC1, instead of using non-absorbable sutures to imbricate the ligament. Both approaches show a favorable medium-term clinical outcome, while requiring less invasive surgery. An additional advantage is that DRL imbrication leaves all options open for subsequent surgery, such as, trapeziectomy or metacarpal osteotomy.
Although the clinical outcome of ligament reconstructions seems promising, the underlying mechanism is not fully understood. It is suggested that the DRL ligament is involved in pain sensation and propriocepsis due to its high amount of sensory nerve endings. 21 But, the relationships between basal thumb pain, ligament functioning, thumb motion and joint instability remains unclear. This problem is amplified by the lack of a clear definition of TMC instability. Studies regarding instability of the TMC joint used varying, often unspecific parameters; whole body laxity, any amount of dorsal translation of the MC1 observed by the surgeon during a clinical exam or from RX or fluoroscopy. 18, 20, 22 We want to increase our understanding of TMC instability and the biomechanical effects of DRL imbricating, by measuring the kinematics pre-and post-surgery in 3D . Additionally, we want to reconstruct the influence of DRL imbrication on cartilage load distribution, a parameter that is likely affected by abnormal kinematics.
In vivo measurement of the pressure distribution inside the TMC joint is very difficult. For large joints, such as the hip, knee, and shoulder, instrumented prostheses that can measure loading during daily activities exist. 23 However, due to the small size of the bones in the hand, no such device exists for the TMC joint. To assess joint behavior and intra-articular pressure distribution during tasks of daily life, models have been developed that are based on the concept of bone proximity. 24 These models are being used to elucidate the effects of joint morphology and pathologies on joint congruency. [25] [26] [27] [28] [29] We used a "proximity model" based on the relative distance between opposing articular facets, assuming uniform cartilage thickness, 30 to dynamically estimate the intra-articular pressure and joint congruency. If the joint space is smaller than the combined cartilage thickness, compression of the cartilage is assumed.
Additionally, the proximity area model can be used to quantify the size of the proximity area between different grasping tasks or patient groups. This can be used as a measure of joint congruency.
The aim of this study is to quantify thumb base kinematics and determine proximity area patterns in idiopathic, pre-arthritic, instability patients pre-and post-surgery and compare them with age-and sexmatched healthy volunteers. Our hypothesises are that post-op patients will have (i) a smaller range of motion of the thumb, due to an increased screw-home mechanism of the MC1; (ii) an increased congruency of the TMC joint, because the shorter DRL will pull the MC1 towards the trapezium articular area and activate the volar beak screw-home mechanism; and (iii) less shift in peak loading position of trapezium cartilage during thumb motion, due to an increase in congruency.
METHODS
Level of evidence: III, case series with control group.
Participants
After approval from our institutional ethical commission (ML10822) and the local hospital (AZG2014060), five patients, with pain and clinically established laxity at the TMC joint, but without radiographic signs of osteoarthritis, were recruited. After surgery, one patient was lost to followup. For comparison purposes, healthy, age-, and sexmatched volunteers from a different cohort study were used. All participants signed an informed consent before the start of the study. Patient and volunteer details can be found in Table 1 .
Surgery
All surgeries were performed by the same experienced handsurgeon (>15 years of experience). Imbrication of the DRL was performed as described by Birman et al. 20 : after a dorsal-radial incision, the TMC joint is reduced, the DRL is imbricated (by $2 mm) and sutured to the trapezium by an absorbable bone-anchor (Minilok Quickanchor, Depuy Synthes, Warsac, IN) preloaded with Orthocord 2-0 (Depuy Synthes). Figure 2 depicts the four main steps of the operation. To prevent pull-out, the bone tunnels were drilled with a reverse angle to the TMC joint. Fluoroscopy was used to check bone-anchor placement and visually asses range of motion in situ. Stability of the TMC joint was assessed by passively moving the thumb before the cutting of the DRL and after the suturing to the bone-anchor. None of the patients showed signs of concomitant metacarpophalangeal laxity. 
Study Design and CT Scanning Protocol
All scans were made using a 64 slice Discovery HD750 CT scanner (GE Healthcare, Little Chalfont, UK). Scans were acquired before and 3 to 6 months after DRL reconstruction. Scanning details are described in Table 2 . Static CT scans of the affected hands from all participants were made in a neutral position (Fig. 1A ) using a thumb brace (Rolyan Original, Patterson Medical, Bolingbrook, IL). Thereafter, a series of dynamic CT scans were made using a custom-made polycarbonate jig (Orthopaedic Bioengineering Laboratories, Brown University/Rhode Island Hospital, Providence, RI) to standardize the thumb motions ( Fig. 1A-D) . Participants actively moved from full thumb flexion to extension and from full adduction to abduction. Dynamic CT data were acquired during 10 s, capturing the entire flexionextension ( Fig. 2 ) or adduction-abduction ( Fig. 3 ) motion, providing 20 frames (akin to 20 static CT images).
In addition, static CT scans during two isometric force tasks, lateral key pinch and power grip, where captured using the same jig ( Fig. 3E and F) . Grip forces were measured with an embedded load cell (0-50lb, Model D, Thrue-Hole, Honeywell International Inc., Morris Plains, NJ). Using a universal inline amplifier (model UV, Sensotec, Columbus, OH), force data were recorded using customwritten data acquisition software (Labview, Texas Instruments, Austin, TX). Two conditions were tested. Participants were instructed to apply no force or 50% of their maximum force (MVC, maximum voluntary contraction) while static CT scans were made.
Quantifying Bone Kinematics
Medical image processing software (Mimics 18.0, Materialise, Leuven, Belgium) was used to manually create 3D surface models of the radius, scaphoid, trapezium, and MC1 from the static scan in the neutral position as well as from the first frame of each dynamic scan. The bone models were used for semi-automated segmentation of the subsequent frames using custom software developed by Materialise, 31 which resulted in a time series of 3D bone models. The kinematics were calculated from this time series using custom Matlab code (MathWorks, Natick, MA). To express motion of the scaphoid and trapezium, a local radius-based coordinate system following ISB standards 32 was defined using three anatomical landmarks on the radius (Fig. 4A) . In each frame of the dynamic scan, the 3D meshes were transformed to the local coordinate system of the radius by registering the distal part of the radius onto the mesh of the complete radius in the static scan using an iterative closest point algorithm. 33 The transformation matrices were calculated between the bone positions in the different time frames and converted to Pixel size in the dynamic scan was smaller due to a smaller display field of view, while using the same matrix size (512 Â 512 pixels).
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Euler angles. Bone motions were expressed relative to the more proximal bone. This approach considers the motion of the entire kinematic chain (scaphoid, trapezium and MC1) not just the trapezium and MC1.
To minimize cross-talk-when the axes of the coordinate system are not aligned with the physiological axes of motion -a separate coordinate system was used to express motion of the MC1 relative to the trapezium. Based on the work of Halilaj et al., 34 we developed custom Matlab code that captures the curvature of the articular surface of the MC1 and trapezium to determine a trapezium-based coordinate system a that is aligned with the physiological axes of the TMC joint (Fig. 4B) .
Proximity Analyses
Using custom Matlab code we calculated the distances between the vertices of the 3D bone models on both articular facets of the TMC joint. 35 The minimal joint space was defined as the smallest distance between two articular surfaces. This resulted in a color-coded heat map indicating the proximity between opposing surfaces (Fig. 5) .
Based on the combined thickness of healthy trapezium and MC1 cartilage in the TMC joint, a normal physiological joint space was set at 1.5 mm. 36 The cluster of points on the proximity map that were below this threshold were considered as the proximity areas between the two bones (Fig. 4 , depicted in red). The size of each proximity area was taken a measure of joint congruency. To compensate for the differences in articular size between patients, the size of the proximity area was expressed as a percentage of the total articular area. The total articular area of the trapezium was manually determined using anatomical computer aided design (CAD) software (3-Matic Research 10, Materialise, Leuven, Belgium). The proximity analyses focuses on the trapezium because it is often affected in TMC joint diseases. [37] [38] [39] We determined the centroid of each proximity area at each moment in time so that we could calculate the displacement of this centroid during thumb extension and thumb abduction for the TMC joint, for each subject. This method captures both kinematics and change in proximity making a comparison between tasks and participants possible.
Evaluation of DRL Imbrication
To review if the imbrication did reduce the joint, the Euclidean distance between MC1 and trapezium was measured using three-matic research. On the surface of the preop 3D bone models, three anatomy based markers were drawn where the DRL is located and the distance between the markers was measured. The surface models, including the markers, were transposed to the post-op bone position and distances were re-measured (Fig. 6 ). This was done for the neutral, flexion, extension, and unloaded key pinch position.
Statistics
To determine how DRL imbrication influences the proximity area distribution patterns in the TMC joint, and to assess the influence of each functional task on joint congruency, a repeated measure two-way ANOVA was used. Task (thumb extension, thumb abduction, and the loaded vs. unloaded grasp tasks) and group (pre-/post ¼ op) were independent variables and the normalized size of the proximity area was the dependent variable.
Graphpad Prism (GraphPad Software Inc, La Jolla, CA) was used for statistical testing. Significance level was set at p < 0.05
RESULTS

Clinical Outcome
All patients were satisfied with the surgery. They reported to be in less pain and all returned back to work 3 to 6 months post-op.
Kinematics DRL imbrication strongly affected MC1 motion during thumb extension. On average, extension, external rotation, and adduction decreased after surgery (Table 3) . Thumb abduction showed less differences between pre-and post-op MC1 motion (Table 4) . Overall, large differences between patients were found. The individual differences between pre-and post-op for MC1 are depicted in Figure 4 . (A) the local radius-based coordinate system was defined using three anatomical landmarks on the radius: (1) the lowest point, on the distal border of the sigmoid notch (bordering the lunate fossa), (2) the proximal border of the ulnar notch, and (3) the tip of the radial styloid. These landmarks define a local coordinate system with the origin at (1), the Y-axis as the line pointing from (1) to (2), the Z-axis, perpendicular to the Yaxis, as the line pointing from (1) to (3), and the X-axis as the line perpendicular to the Y-and Zaxis. (B) the trapezium-based coordinate system that uses the saddle point of the trapezium articular surface as the origin. The X-axes runs volar-dorsal, Y-axes runs proximal-distal and the Z-axes runs in a radial-ulnar direction. Movements of the scaphoid and trapezium could be established and were clearly smaller than the movement of MC1 during al thumb motions, both pre-and post-surgery. Individual kinematics of trapezium and scaphoid can be found in the supplementary materials (Figs. S7-10 .).
Although not tested for significance due to power constrains, the total translation (Euclidian distance) of the MC1 during thumb extension and thumb abduction was slightly smaller post-op then pre-op. Translation of the trapezium and scaphoid was more limited than the first metacarpal for both groups. All translation values are shown in Table 5 .
Proximity Area
The changes in proximity area showed a significant effect of tasks on the size of the proximity area (p ¼ 0.036, F ¼ 4.05, DF ¼ 8). No significant difference between pre-and post-op proximity area size was found (p ¼ 0.889, F ¼ 0.023, DF ¼ 1). The normalized proximity areas for each patient for the five positions are depicted in Figure 9 (graphs of all other tasks can be found in supplementary material Fig. S15) .
By visualizing the proximity area as a heat map, the change in proximity after surgery can be evaluated. Figure 10 depicts the proximity area in red during an unloaded lateral key pinch task before and after surgery.
Kinematics and Proximity Area
To integrate the information about the kinematics and that of the proximity area of the TMC joint, the displacement of the centroid (Euclidian distance) of the proximity area was calculated between subsequent time steps of the thumb motion (as obtained from the dynamic CT scans). Displacement of the centroid was primarily in the dorsal-radial direction, but varied substantial between task and individual. The average displacement of the centroids can be found in Table 6 . A visual representation of the shift in proximity area between frames in two patient is depicted in Figure 11 .
Evaluation of DRL Imbrication
The distance between MC1 and the trapezium did not uniformly change between patients after surgery. Additionally, the distances differed between flexion, extension, and unloaded pinch task. Overall, surgery did not create a simple translation that reduced the distance between MC1 and the trapezium. The change in marker distances are depicted in Table 7 .
DISCUSSION
We aimed to quantify thumb base kinematics and determine cartilage stress distribution in pre-arthritic, painful TMC instability patient pre-and post-surgery. Our hypotheses were that post-op patients would have (i) a smaller range of motion of the thumb; (ii) an increased congruency of the TMC joint; and (ii) less shift in proximity area position of trapezium cartilage during thumb motion.
Kinematics and Imbrication Evaluation
Overall, large differences between patients were found. Compared to the pre-surgery kinematics, the DRL imbrication only affected MC1, extension, While a side-by-side comparison with other studies is challenging due to differences in acquisition of the kinematics, motion analyses (2D vs. 3D) and coordinate system, several cadaveric, and clinical studies can be compared to our findings.
That shortening of ligaments around the TMC joint decreases mobility, is in line with cadaver studies from Chenoweth et al. 19 They measured MC1 motion during a rotation shear test before and after DRL capsulodesis on six hands and demonstrated a 50% decrease in the total pronation-supination arc of motion (i.e., internal/external rotation) after the capsulodesis. 19 Although we did not measured kinematics during a pronation or supination movement, we did find a reduction in external rotation of MC1 during thumb extension of >40%. However, this decrease in MC1 range of motion was not always seen, despite that the measured distance between the trapezium and MC1 was smaller post-operative for most patients during functional tasks, suggesting a successful ligament imbrication. The fact that a nonabsorbable suture was used to preload the boneanchor, makes loosening of the anchor an unlikely explanation for the cases in which no reduction of the joint was measured. Additionally, the increased internal rotation post-operatively, indicates a pivoting of MC1 around the tighter DRL. This limited effect of DRL imbrication on MC1 mobility might be due to the large role the thumb muscles play in stabilizing the TMC joint. Influence of the DRL could be overpowered by the fully functioning hand and thumb muscles. Values are depicted as mean AE standard deviation.
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The changes in thumb mobility after DRL imbrication reported in the literature are mostly qualitative; Birman et al. 20 showed several long-term cases in which post-surgery thumb motion was visually determined to be the same as the contralateral healthy thumb. This is in line with the clinical outcome of the patients in our study, in which all patients reported improvements in pain, mobility, and all returned back to work. However, when we compare the average post-op MC1 motion with the healthy controls, we do not see a full correspondence. DRL imbrication led to a change in MC1 motion, rather than an overall decrease in MC1 motion or thumb mobility. The post-op patients demonstrated a highly reduced degree of MC1 adduction (10˚AE 8˚), while MC1 adduction, during thumb extension, prior to surgery (22˚) was similar to the healthy controls (16˚). During thumb abduction, a high amount of MC1 internal rotation was observed; 12˚in (pre-op) patients versus 6˚for healthy controls. Post-surgery this amount increased to 14˚. Whether these aberrant kinematics lead to joint problems on the long term remains unknown, but is a point of consideration when opting for this surgery.
The kinematics of the trapezium did change after surgery, but not always in the same direction as the changes in MC1 motions. The finding that trapezium mobility is not directly linked to MC1 mobility was also described by Garcia-Elias and Orsolini, who found no relationship between MC1 hypermobility and trapezium mobility in 60 healthy volunteers. 40 It is known that trapezium, scaphoid and MC1 form a kinematic chain in thumb motion, 16, 41 but their mutual relationship still remains unclear.
Joint Congruency
We found that the effect of DRL imbrication on TMC joint congruency, defined as the size of the proximity area, significantly differed between tasks. More specifically, the unloaded lateral key pinch demonstrated the largest differences between pre-and post-op proximity area size. This suggests that the joint is less stable during the unloaded task then during the loaded task. This could be explained by the recruitment of the intrinsic and extrinsic muscles during execution of a forceful task (þ/À 50% MVC), which help to stabilize the thumb. This could indicate that during a clinical examination of a patient with suspected thumb instability, a loaded lateral key pinch task is not the best choice to evoke TMC subluxation. The pre-operative dorsal displacement of the proximity area centroid during an active thumb extension motion, is in line with findings of Halilaj and colleagues, who described the dorsal-radial part of the trapezium as the location of the joint space centroid. 42 This combined with the fact that previous research reported that the dorsal-radial aspect of the trapezium was the most affected by articular degradations, 43, 44 lets us to speculate that TMC instability might lead to secondary joint problems if untreated.
Critical Considerations
Our study provides a biomechanical analysis of the effect of DRL imbrication on TMC joint function, which supplements. previous papers that focused only on the clinical effect of DRL imbrication. There are, however, some important limitations to the current study. Most importantly, creating 3D surface models from (dynamic) CT images introduces a segmentation error which might affect the estimations of proximity area. While the accuracy of manual segmentation is high, 45, 46 yielding kinematics with sub-millimetre accuracy as demonstrated in a previous study, 41 the margin for error is limited when determining distances between bones of 1.5 mm. In addition, the small sample size of the current study severely limits statistical in-depth analyses and makes generalization of the findings difficult. While our research is not focused on evaluating the validity of DRL imbrication, the variability of the biomechanical outcome metrics suggests that some restraint in using this technique seems desirable. Especially, considering the disconnect between the self-reported patient satisfaction and biomechanical parameters. Albeit, we have to acknowledge that 
CONCLUSION
We used dynamic CT to quantify the effects of a surgical procedure on bone motion and joint congruency. In addition, it allows us to determine locations of possible peak cartilage loading and how these locations shift during active motion. The current study shows that, from a biomechanical perspective, there is high variability in post-operative outcome between patients that undergo identical surgical procedures performed by the same surgeon. A post-operative decrease in range of motion, increase in joint congruency or decrease in proximity area shift during thumb motion is not omnipresent.
The fact that all patients reported a favorable clinical outcome (less pain, return to work) illustrates that we have a very limited grasp on what happens in instability patients and how the thumb in general is stabilized.
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